Endurance and resistance exercise training induces specific and profound changes in the skeletal muscle transcriptome. Peroxisome proliferator-activated receptor ␥ coactivator-1 ␣ (PGC-1␣) coactivators are not only among the genes differentially induced by distinct training methods, but they also participate in the ensuing signaling cascades that allow skeletal muscle to adapt to each type of exercise. Although endurance training preferentially induces PGC-1␣1 expression, resistance exercise activates the expression of PGC-1␣2, -␣3, and -␣4. These three alternative PGC-1␣ isoforms lack the arginine/serine-rich (RS) and RNA recognition motifs characteristic of PGC-1␣1. Discrete functions for PGC-1␣1 and -␣4 have been described, but the biological role of PGC-1␣2 and -␣3 remains elusive. Here we show that different PGC-1␣ variants can affect target gene splicing through diverse mechanisms, including alternative promoter usage. By analyzing the exon structure of the target transcripts for each PGC-1␣ isoform, we were able to identify a large number of previously unknown PGC-1␣2 and -␣3 target genes and pathways in skeletal muscle. In particular, PGC-1␣2 seems to mediate a decrease in the levels of cholesterol synthesis genes. Our results suggest that the conservation of the N-terminal activation and repression domains (and not the RS/RNA recognition motif) is what determines the gene programs and splicing options modulated by each PGC-1␣ isoform. By using skeletal muscle-specific transgenic mice for PGC-1␣1 and -␣4, we could validate, in vivo, splicing events observed in in vitro studies. These results show that alternative PGC-1␣ variants can affect target gene expression both quantitatively and qualitatively and identify novel biological pathways under the control of this system of coactivators.
PGC-1␣ 6 coactivators are transcriptional regulators with important roles in skeletal muscle adaptation to physical exercise (1) . Upon specific physiological signals, a single PGC-1␣ gene expresses different variants with discrete biological roles (2) (3) (4) . For example, in skeletal muscle, resistance exercise and ␤ 2 -adrenergic stimulation activate a distal PGC-1␣ promoter that controls the expression of alternative isoforms PGC-1␣2, PGC-1␣3, and PGC-1␣4 (3, 5, 6) , which undergo additional alternative splicing of their primary transcript ( Fig. 1A) (3) . Induction of the canonical PGC-1␣1 isoform in skeletal muscle promotes mitochondrial biogenesis and an oxidative phenotype that mediates adaptive responses to endurance training (7) . Although widely different in its structure, PGC-1␣4 maintains transcriptional activity and regulates distinct target gene networks involved in resistance exercise-driven hypertrophy in skeletal muscle (3, 6) . To date, the biological roles of the remaining alternative isoforms of PGC-1␣ are still unknown, and conventional 3Ј expression arrays have failed to identify specific gene networks targeted by PGC-1␣2 and -␣3 (3).
PGC-1␣1 exhibits a dual role with regard to transcriptional regulation of its target genes as it can coactivate transcription factor-mediated gene expression but also modulate alternative splicing of the nascent transcript (8) . Co-transcriptional splicing of pre-mRNA is a common phenomenon (9) where mRNA editing factors such as serine/arginine (SR) proteins can dock to the hyperphosphorylated C-terminal domain (CTD) of the RNA polymerase II to mature the nascent mRNA (10) . Although this mechanism is not yet fully understood, it has been shown that transcriptional coactivators can interact directly with the spliceosome and condition the splicing options that follow (11) (12) (13) . In this sense, PGC-1␣1 acts much like an SR protein due to two characteristic domains located in its own CTD: an arginine/serine-rich (RS) domain that mediates protein-protein interactions (with other SR proteins) and an RNA recognition motif (RRM) that allows interaction with the nascent mRNA (14) . Deletion of any of those CTD regions is sufficient to alter the co-transcriptional splicing activity of PGC-1␣1 on the expression of both an artificial minigene reporter (8) and endogenous genes (15) .
One of the most striking structural features of non-canonical PGC-1␣ isoforms (PGC-1␣2, -␣3, and -␣4) is that all three isoforms lack the CTD, including the RS and RRM domains (3) (Fig. 1A) . This suggests that different PGC-1␣ variants could have selective effects on target gene splicing. Hence, in this study, we have investigated whether the biological functions of the novel PGC-1␣ variants are mediated by quantitative and/or qualitative changes in target gene transcription produced by distinct isoform expression. To this end, we have determined the occurrence of alternative splicing events under the control of different PGC-1␣ coactivators in mouse primary myotubes. With this approach, we have identified several gene pathways regulated by PGC-1␣2 and -␣3. Our results show that the different PGC-1␣ proteins promote both quantitative and qualitative changes in gene expression. By using several complementary bioinformatics tools, we identified a broad number of genes that display differential splicing regulated by distinct PGC-1␣ isoforms. By designing targeted qRT-PCR strategies, we verified some of the different alternative splicing events under PGC-1␣ control. These include the PGC-1␣2-and -␣3-dependent regulation of alternative 3Ј-UTR DEAD box polypeptide 27 (Ddx27) isoform expression and PGC-␣1-and -␣4-mediated alternative promoter usage of oxysterol-binding proteinlike 1A (Osbpl1a) and n-myc downstream regulated gene 4 (Ndrg4). This study identifies a mechanism of action for PGC-1␣ isoforms and provides a framework for the analysis of isoform-specific effects on gene expression.
Results
Alternative PGC-1␣ Isoforms Display Distinct Transcriptional Regulation and Protein Stability-The importance of alternative promoter usage in the expression of PGC-1␣ isoforms has been clearly demonstrated (3, 6, 16) . In addition, we have found that, in murine skeletal muscle, ␤ 2 -adrenergic stimulation with clenbuterol results in differential PGC-1␣ promoter regulation as it increases the levels of alternative isoforms but represses PGC-1␣1 expression (Fig. 1B) .
The specific transcriptional regulation of PGC-1␣ isoforms is accompanied by significant changes in their mRNA structure. We hypothesized that differences in the C terminus of the alternative PGC-1␣ isoforms that include binding sites for splicing factors might affect target gene splicing. To investigate this hypothesis, we have performed global analysis of gene expression under the control of each PGC-1␣ variant by using an exon-based array designed for whole-transcriptome analysis at the gene and exon level. Each PGC-1␣ variant (or GFP as control) was expressed in mouse primary myotubes (Fig. 1C ) through the use of recombinant adenoviral vectors (3) . As reported previously (3), we observed that, even when normalized by mRNA expression, the different PGC-1␣ proteins accumulate at different levels (Fig. 1D ). These differences in PGC-1␣ isoform protein accumulation are also observed when assessing their basal levels in vivo in adult skeletal muscle (3) .
Although PGC-1␣1 has been previously reported to be a short lived protein due to ubiquitin-proteasome degradation (17, 18) , not much is known about the protein stability of the other PGC-1␣ isoforms. To determine whether all PGC-1␣ variants are targeted to the same degradation pathway, myotubes expressing each of the PGC-1␣ isoforms were treated for 4 h with the proteasome inhibitor MG132. All PGC-1␣ proteins accumulate (to different degrees) upon MG132 treatment ( Fig.  1E ), indicating that they are all degraded through the ubiquitinproteasome pathway. To better compare the protein degradation dynamics between the different isoforms, we performed a cycloheximide chase. Upon inhibition of protein synthesis, the degradation patterns were strikingly different ( Fig. 1F ). Although PGC-1␣2 and PGC-1␣3 displayed a half-life similar to PGC-1␣1 (ϳ30 min; Fig. 1F and Ref. 19 ), PGC-1␣4 showed greater stability with a remarkably long half-life, similar to what is described for yet another PGC-1␣ isoform, NT-PGC-1␣ (17) .
We used the fact that the ectopically expressed PGC-1␣ isoforms ( Fig. 1G ) are themselves the result of alternative splicing (3) to validate the ability of our system to detect alternative splicing events. The probe set signal for exon 2, the only region common to all the PGC-1␣ variants, was increased in all experimental conditions when compared with the GFP control ( Fig.  1 , G and H, arrowhead "b"). Only PGC-1␣1 expression increased the probe set signal for all the exons along the PGC-1␣ gene ( Fig. 1H ), including unique exon 1a (Fig. 1 , G and H, arrowhead "a"), whereas exons specific to the alternative PGC-1␣ isoforms (namely exon 1b in PGC-1␣2 and PGC-1␣4 and exon 1bЈ in PGC-1␣3) were not detected by the array (Fig.  1H ). In the Geneview representation, we also observed the expression pattern characteristic to the specific C terminus of each alternative PGC-1␣ isoform (Fig. 1 , G and H, arrowheads "c" and "d"). We validated the expression of each PGC-1␣ isoform by qRT-PCR using primer pairs specific to the different exon combinations ( Fig. 1I ). By probing exons 3-5, we detected PGC-1␣ transcripts with a conserved N terminus, namely PGC-1␣1 and PGC-1␣4 ( Fig. 1I ), and complementarily, when probing exons 3-8 we detected exclusively isoforms with disrupted activation and repression domains, PGC-1␣2 and PGC-1␣3 ( Fig. 1I ). Exogenous expression of PGC-1␣ isoforms resulted in mild changes in their endogenous levels. For example, PGC-1␣2 expression decreases its own endogenous levels but increases PGC-1␣3 ( Fig. 1I ). Additionally, endogenous PGC-1␣2 was induced (50%) by PGC-1␣1.
Analysis of Gene Networks under the Control of PGC-1␣ Isoforms-The workflow and thresholds established for the discrimination of differentially expressed genes and exons are described in detail under "Experimental Procedures" and summarized in Fig. 2A . For clarity, we use the term "gene" when referring to the identity of a particular gene and "transcript" when referring to a specific variant of a given gene. Each array probe set generates a signal specific for the 5Ј-UTR, exons, and the 3Ј-UTR of a single gene. Principal component analysis of the variance distribution indicated good clustering for all the data sets generated for the different PGC-1␣ isoforms (Fig. 2B ). We detected significant changes in gene expression modulated by each of the different PGC-1␣ variants (cutoff of 1.2-fold change versus control GFP, p Ͻ 0.05) ( Fig. 2C Total PGC-1α 
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Cycloheximide E Cycloheximide chase software, we identified 1279 annotated genes (from a total of 1592 regulated genes) modulated by PGC-1␣1. Remarkably, we identified a similar number of genes targeted by PGC-1␣2 (1638 annotated from a total of 1980) and PGC-1␣3 (1279 genes annotated from a total of 1572). PGC-1␣4 modulated the largest number of genes (2262 annotated from a total of 2606) (Fig.  2C ). The discrepancy between these results and the previously published 3Ј expression array data is likely due to the fact that exon-based arrays achieve higher sensitivity by providing a wider coverage of the transcriptome (1.2 million probe sets in Affymetrix Mouse Exon 1.0 ST array versus 45,000 probes in Affymetrix GeneChip Mouse Genome 430 2.0 array), probably reflecting the detection of a higher number of transcript variants of the targeted genes. Critical N-terminal motifs that fine-tune PGC-1␣1 transcriptional activity (1) are spliced out in PGC-1␣2, -␣3, and -␣4. To investigate how the inclusion or exclusion of these domains impacts the transcriptional activity of PGC-1␣, we compared the gene sets regulated by each PGC-1␣ isoform. This analysis took into account whether genes regulated by different PGC-1␣ isoforms were activated or repressed by both variants (co-regulated) or activated by one but repressed by the other (contraregulated). The highest number of co-regulated genes was found between isoforms PGC-1␣1 and -␣4 (650) and PGC-1␣2 and -␣3 (421) ( Fig. 2D ). Contrarily, PGC-1␣2 and -␣4 proved to contra-regulate the largest gene set (486) ( Fig. 2D ). However, even excluding co-/contra-regulated genes, we could still identify a large number of target genes specific to each PGC-1␣ isoform (i.e. PGC-1␣1, 426; PGC-1␣2, 729; PGC-1␣3, 566; PGC-1␣4, 1063 genes, respectively; data not shown).
PGC-1␣2 and PGC-1␣3, which lack part of the activation and repression domains (amino acids 107-274 of the canonical isoform), produce a distinct cluster from PGC-1␣4, which in turn showed higher similarities with the genes targeted by PGC-1␣1. This indicates that the transcriptional activity of the PGC-1␣ isoforms is dictated by the conservation of the N-terminal activation domain rather than the presence or absence of the RS/RRM motifs.
Identification of Gene Pathways Specifically Regulated by Each PGC-1␣ Isoform-To better understand which biological functions are associated with the transcriptional programs controlled by each PGC-1␣ isoform, we performed a comprehensive pathway and network analysis of each target gene set using the Ingenuity Pathway Analysis platform ( Fig. 3A ). We then validated by qRT-PCR selected genes from each of the identified pathways ( Fig. 3 
, B-H).
Analysis of pathways regulated by PGC-1␣1 in myotubes confirmed its well known involvement in transcriptional programs associated with mitochondrial biology (mitochondrial dysfunction, tricarboxylic acid cycle, acetyl-CoA biosynthesis, and branched-chain ␣-keto acid dehydrogenase complex) as well as the characteristic increase in oxidative metabolism
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Partek qRT-PCR (mitochondrial L-carnitine shuttle) ( Fig. 3A) . Among the genes that defined the pathways targeted by PGC-1␣1, we validated by qRT-PCR previously known targets such as estrogen-related receptor ␣ (Esrra), carnitine palmitoyltransferase 1b (Cpt1b), and cytochrome c (Cyc) ( Fig. 3B ). Some of these targets are also induced by PGC-1␣4, although cytochrome c remains a unique target for PGC-1␣1.
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Among the PGC-1␣ isoforms, PGC-1␣2 and PGC-1␣3 share the highest sequence similarity, only differing in the first amino acids. Accordingly, PGC-1␣2 and PGC-1␣3 co-regulated ϳ30% of their individual target genes. However, because of the difference in the magnitude of effects on each gene set, there was not much overlap between the pathways regulated by both isoforms. 
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RhoA Interestingly, genes regulated by PGC-1␣2 in myotubes grouped largely under the cholesterol biosynthesis pathway (Fig. 3A ). Based on this prediction, we next validated by qRT-PCR that PGC-1␣2 expression leads to a significant reduction in the mRNA levels of several upstream genes of the superpathway of cholesterol biosynthesis such as methylsterol monooxygenase 1 (Msmo1) and NAD(P)-dependent steroid dehydrogenase-like (Nsdhl). Some other members of the cholesterol synthesis pathway showed a non-significant trend for reduced expression as is the case for 3-hydroxy-3-methylglutaryl-CoA synthase 1 (Hmgcs1) and the sterol-C5-desaturase (Sc5d) (Fig.  3C ). Several genes involved in the regulation of inflammatory processes were also among the top scoring PGC-1␣2-regulated pathways, including transforming growth factor ␤ (TGF-␤) signaling. In this case, a consistent up-regulation of the expression of Smad7, the intracellular antagonist of TGF␤2 in muscle growth and maintenance, was validated by qRT-PCR (Fig. 3D) .
The pathways identified for PGC-1␣3 were suggestive of development and cell cycle control. We validated the expression of targets involved in the epithelial adherens junction signaling pathway ( Fig. 3A ) and confirmed the reductions in mRNA levels of myosin heavy chain 7 (Myh7), myosin light chain (Myl2), and epidermal growth factor receptor (Egfr) plus a clear trend in the induction of brain-specific angiogenesis inhibitor 1-associated protein 2 (Baiap2) (Fig. 3E ). Although the Ingenuity Pathway Analysis (IPA) nomenclature of several pathways tends to be very general, epithelial adherens junction signaling is also one of the top canonical pathways differentially regulated in both an integrative study of Duchenne muscle dystrophy in humans (20) and a comprehensive multilevel omics analysis in dystrophy-deficient mice (21) .
By manual curation of each gene list, we found that the minichromosome maintenance family of genes (Mcm3-6) was consistently induced by both PGC-1␣2 and PGC-1␣3 ( Fig. 3F ). Proteins of the Mcm family configure the prereplication complex necessary for eukaryotic DNA replication (22) . Contrarily, PGC-1␣1 or PGC-1␣4 expression reduced Mcm3-6 levels (statistically significant only in the case of PGC-1␣1 but with a clear trend for PGC-1␣4), an effect that has also been observed upon expression of PGC-1␤ (23) . As shown in Fig. 2D , there are a significant number of genes contra-regulated by PGC-1␣1 versus PGC-1␣2 and -␣3. In agreement, many PGC-1␣1 target genes were either unchanged or slightly repressed by PGC-1␣2 (Esrra, tricarboxylic acid cycle, and ATP synthesis genes). This analysis did not predict any major PGC-1␣2 effects on genes related to energy metabolism or mitochondrial biogenesis/ function (Fig. 3A) .
PGC-1␣4 regulates muscle mass and hypoxia-driven angiogenesis in skeletal muscle (3, 24) . PGC-1␣4 and the structurally related NT-PGC-1␣ (2) are able to induce Vegfa expression and an angiogenic program independently of hypoxia-inducible factor-1␣ (24) . Interestingly, in addition to observing that PGC-1␣4 was able to induce Vegfa expression under the tested conditions ( Fig. 3G ), our results suggested PGC-1␣4 as a negative regulator of hypoxia-inducible factor-1␣ signaling. Indeed, several hypoxia-inducible factor-1␣ targets such as matrix metallopeptidase 15 (Mmp15) or prolyl hydroxylase domain-containing protein 2 (Phd2) showed reduced levels upon PGC-1␣4 expression ( Fig. 3G ). Our results further identify new gene pathways under PGC-1␣4 control in myotubes, including interleukin 17 (IL17) and p53 signaling. Of the suggested IL-17 signaling-associated genes targeted by PGC-1␣4, we validated by qRT-PCR the increases in the expression of Mapk26 and the p85 member phosphoinositide 3-kinase regulatory subunit 1 (Pik3r1) and a reduction in the levels of prostaglandin-endoperoxidase synthase 2 (Ptgs2) (Fig. 3H) .
Because PGC-1␣ isoforms seem to be differentially regulated not only at the transcriptional level ( Fig. 1B) but also in terms of protein accumulation (Fig. 1D) , we decided to validate target gene specificity upon increasing expression of each PGC-1␣ variant (Fig. 4A ). This strategy resulted in greater accumulation of PGC-1␣1, -␣2, and -␣3 but not of PGC-1␣4 protein (Fig. 4B ). Subsequently, we could observe that the expression levels of PGC-1␣2 and PGC-1␣3 target genes (e.g. Mcm3, Mcm4, and Mcm6) remained unaffected even in the presence of higher PGC-1␣1 levels (Fig. 4C ). This target gene specificity was also observed for genes that show reduced expression in the presence of PGC-1␣2 and PGC-1␣3 (e.g. Msmo1, Nsdhl, and Myl2) (Fig. 4C ). The opposite is also true, and specific targets for PGC-1␣1 and PGC-1␣4 (e.g. Cyc and Vegfa) remained exclusive upon increased levels of PGC-1␣2 and -␣3 ( Fig. 4C ).
Global Analysis of Target Transcript Structure Reveals Novel Gene Networks Regulated by PGC-1␣ Isoforms-To understand whether our results are fundamentally different from the previously published PGC-1␣ variant target gene data (3), we compared both gene sets. To this end, we reanalyzed our data side by side with the previously published 3Ј gene array (3) to compare the top 10 IPA gene pathways identified for each PGC-1␣ isoform (Fig. 3A ). Both gene expression analysis strategies were equally efficient in the identification of PGC-1␣1-regulated genes, which were also the most similar when compared with the other isoforms. Accordingly, the top 10 canonical pathways and functions for PGC-1␣1 obtained with the exon array matched strongly with those obtained for the previously published 3Ј array (3) (Fig. 3A ). However, this was not true for the other PGC-1␣ isoforms, in particular for PGC-1␣2 and -␣3. Of note, canonical pathways with stronger statistical significance (i.e. higher Ϫlog(p value)) were more reproducible through different arrays as is the case of isoforms of PGC-1␣1. Remarkably, although the previous Affymetrix gene array (3) reported a small number of genes targeted by PGC-1␣2 and PGC-1␣3 (under 100), our current strategy identified well over 1000 genes regulated by either coactivator (Fig. 2C) . The most prominent functions associated with PGC-1␣4 in the previous study were energy production, lipid metabolism, and skeletal muscle development. However, the top canonical pathways we found in the present study are represented by several molecules related to cell proliferation and survival (p53, cyclin D1, and several MAPKs) and the inflammatory response (IL-17 receptors, prostaglandin-endoperoxide synthase 2, and interleukin 6) that were annotated under the names IL-17 signaling, colorectal cancer signaling, hypoxia-inducible factor-1␣ signaling, pancreatic adenocarcinoma signaling, and p53 signaling. In this case and despite the significant number of PGC-1␣4 target genes identified with both gene expression profiling strategies, we did not observe a significant overlap between them. Our 
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Alt5' results indicate that the use of gene expression profiling with exon level resolution was necessary to uncover several new pathways under PGC-1␣ control. This was particularly important to identify targets for the non-canonical PGC-1␣ variants.
Expression of PGC-1␣ Isoforms Modulates Oxygen Consumption Rates in Primary Muscle
Cells-Because our analysis of PGC-1␣ isoform target genes indicated effects on several important biochemical pathways (Fig. 3A) , we next evaluated their impact on cellular respiration by performing extracellular flux analysis. This allowed us to measure the oxygen consumption rate in real time on intact myotubes transduced with each PGC-1␣ variant. We observed that when using 1 mM pyruvate as energy substrate all PGC-1␣ isoforms significantly increased (40 -60%) the basal oxygen consumption rate of cultured myotubes ( Fig. 4D) . Treatment with the ATP synthase inhibitor oligomycin revealed that all PGC-1␣-expressing cultures displayed a higher fraction of respiration coupled to ATP production compared with controls ( Fig. 4D ). However, upon addition of the uncoupling ionophore carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone, myotubes expressing PGC-1␣1, PGC-1␣2, and PGC-1␣3 showed higher maximal respiratory capacity compared with PGC-1␣4 and GFP, although only PGC-1␣2 and PGC-1␣3 showed significant statistical differences (Fig.  4D ). When the medium was supplemented with 5 mM glucose, we observed no significant changes in the oxygen consumption rate of the cultured myotubes (Fig. 4E) . Together with the gene expression data, these results indicate that the different PGC-1␣ variants can affect cellular metabolism through distinct mechanisms.
Expression of Each PGC-1␣ Isoform in Myotubes Selectively Changes the Splicing Landscape of the Cell-Our results clearly
show that several PGC-1␣ target genes are only revealed when taking into consideration the exon composition of the target transcript. This indicates that coactivation by different PGC-1␣ proteins affects target gene splicing. Furthermore, PGC-1␣2, -␣3, and -␣4 lack the C-terminal RS/RRM domains present in PGC-1␣1, which could help explain why their target gene sets are the most different when comparing our results with the previously published array (3). Our next aim was therefore to investigate how these domains affect the expression of specific target gene variants. To identify and visualize alternative splicing events under the control of the different PGC-1␣ variants, we analyzed our exon array data using two complementary software platforms as indicated in Fig. 2A . Only splicing hits recognized by both platforms were further considered. Probably due to the elevated mRNA levels of ectopically expressed PGC-1␣ variants, Ppargc1a was identified as the gene with the highest splicing score (Partek; alt.splice p value ϭ 0). In addition, when we compared the PGC-1␣ mRNA profiles in PGC-1␣1-and -␣4-expressing myotubes, Exon Array Analyzer (EAA) indicated high probability for 5Ј splicing (splicing index ϭ 2). When comparing the transcript structure of PGC-1␣2 or PGC-1␣3 with PGC-1␣4, we could identify several splicing events classified as uncategorized. This is most likely due to the incomplete annotation of these transcripts in the available databases.
Each of the 10 possible comparisons between PGC-1␣ isoforms or controls yielded a substantial number of differentially spliced genes and expressed exons (Fig. 4, F and G) . In fact, expressing either PGC-1␣ variant in myotubes changes the splicing pattern of over 100 genes when compared with controls. This number does not change much when comparing splicing events under PGC-1␣1 control versus those regulated by PGC-1␣4 (177) and PGC-1␣2 versus PGC-1␣3 (180). In addition, it is interesting that the number of "alternatively spliced genes" (Fig. 4F ) and "differentially expressed exons" (Fig. 4G ) between PGC-1␣1 versus PGC-1␣4 and PGC-1␣2 versus PGC-1␣3 was almost the same. This suggests that for almost all the alternatively spliced genes within those specific comparisons the resulting isoforms will mainly diverge in one differentially expressed exon. However, for all the other comparisons, especially for PGC-1␣2 versus PGC-1␣4, the ratio was close to 1.5, indicating larger differences in target transcript structure, which in some cases will diverge in more than one exon. Similar to what we observed on the gene level analysis, we found larger differences in target gene splicing events when comparing the exon expression profile controlled by PGC-1␣2 or PGC-1␣3 versus PGC-1␣4 (967 and 550, respectively). Because several of these events can map to the same gene, the number of alternatively spliced genes was lower than that of differentially expressed exons, although both have the same overall distribution profile (Fig. 4, F and G) .
We next systematically categorized the splicing events under the control of each PGC-1␣ variant (please see "Isoform Level Analysis" under "Experimental Procedures"). Fig. 4C summarizes the eight most representative events found for each comparison. Despite the large differences in differentially expressed exons observed between groups, the relative frequency of the categorized events did not change in any of the situations compared. The most common splicing events observed in all groups were those of "cassette exon" (27-36%), "alternative C-terminal," and "bleeding exon" (both 14 -18%) (Fig. 4H) .
PGC-1␣2 and -␣3 Promote Expression of a Truncated Ddx27
Form with an Alternative 3Ј-UTR-Ddx27, a member of the DEAD box family of putative RNA helicases related to ribosome and spliceosome assembly, showed a highly significant splicing probability in both Partek and EAA platforms. We located the existence of a discrete splicing event on Ddx27 for a unique probe set when PGC-1␣2 or PGC-1␣3 was expressed (Fig. 5A) . Analysis of the Ddx27 transcripts annotated on Ensembl indicated that the differentially expressed exon maps to an alternative 3Ј-UTR found in isoform Ddx27-002 (ENSMUST00000150571, 292 amino acids) (Fig. 5B ). To confirm these splicing events, we performed qRT-PCR validation using oligonucleotides specific for constitutive and alternative exons (see Table 1 ).
To analyze Ddx27 isoform expression, we targeted constitutive exons 8 and 9 for the detection of canonical full-length isoform Ddx27-001 (ENSMUST00000018143, 760 amino acids) and alternative exon 8b for the detection of isoform Ddx27-002. As expected, the relative levels of Ddx27-001 proved to be independent of PGC-1␣ variant expression ( Fig.  5C ). However, myotubes expressing PGC-1␣2 or PGC-1␣3 had higher levels of the Ddx27-002 isoform, which contains the alternative 3Ј-UTR (Fig. 5C ) and a premature stop codon. For this reason, Ddx27-002 lacks the C-terminal helicase domain, which likely impacts protein functionality.
PGC-1␣1 and -␣4 Induce a Shift toward Alternative Promoter Usage and 5Ј-UTR Isoforms-Ndrg4
, a cytoplasmic protein from the ␣/␤-hydrolase superfamily that has been shown to regulate cancer progression (25) and cardiac development in zebrafish (26) , showed one of the highest probabilities for alternative splicing on Partek (Fig. 5D) . Interestingly, the expression of PGC-1␣1 or PGC-1␣4 resulted in the clear induction of Ndrg4 variants expressed from an internal gene promoter (27) . The specific promoter usage was confirmed by qRT-PCR amplification of the 5Ј-UTR and coding sequence of exon 1, unique to isoforms Ndrg4-001 and Ndrg4-002 ( Fig. 5F ). In the brain, activation of an upstream promoter produces the longer isoform Ndrg4-003 (27) (404 amino acids) that contains a distinct N terminus (Fig. 5E) . In contrast to the internal gene promoter, the Ndrg4 upstream promoter was not responsive to the expression of any PGC-1␣ variants in myotubes. In line with this, we observed no differences between conditions when targeting regions specific for Ndrg4-003 (constitutive exons 1 and 2) ( Fig. 5F ). Ndrg4-002 (339 amino acids) differs from the canonical Ndrg4-001 (352 amino acids) in that the terminal 
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exon 14 is spliced out, producing an isoform with a shorter C terminus. Because exon 14 is present in both Ndrg4-001 and Ndrg4-003, we cannot determine by transcript analysis which specific isoform (Ndrg4-001 or Ndrg4-002) is induced upon PGC-1␣1 and -␣4 expression.
Osbpl1a is a member of the oxysterol-binding protein family that acts as intracellular lipid receptor (28) . This gene showed one of the highest scores for alternative splicing on Partek analysis (Fig. 6A ). We mapped two specific alternative splicing sites on Obspl1a transcript that matched with alternative 3Ј-UTR ( Fig. 6B, probe 2) and alternative promoter usage (Fig. 6B, probe  4) , respectively. Accordingly, by qRT-PCR analysis, we confirmed that PGC-1␣1 and -␣4 induced the expression of an Osbpl1a isoform derived from a previously described internal alternative promoter between exons 15 and 16 of the canonical variant (28) . Besides the distinct exon 1b, isoforms spawning from this internal promoter share the rest of the sequence with the canonical Osbpl1a-001 and produce smaller C-terminal protein variants (Ensembl Osbpl1a-003, -004, -005, -007, and -017). Thus, two separate probes, one for the internal 5Ј-UTR (Fig. 6C, probe 4) and another for the constitutive exon 28 from the 3Ј-end of the Osbpl1a transcripts (Fig. 6C, probe 5) , showed a 3-4-fold induction compared with the GFP control.
Analysis of the exon array indicated with high probability that PGC-1␣2 and -␣3 could induce the expression of an alternative Osbpl1a isoform with a distinct 3Ј-UTR due to a premature stop codon in exon 12 that matched with features from isoform Osbpl1a-009. However, qRT-PCR analysis did not show statistical significance for that specific splicing event (Fig.  6C, probe 2) . We observed no additional differences between conditions when detecting a constitutive exon common to all isoforms containing the canonical N terminus (Fig. 6C, probe 1) or when probing for exons specific to the canonical full-length Osbpl1a-001 isoform (Fig. 6C, probe 3) .
PGC-1␣1 and PGC-1␣4 Induce Specific Promoter Usage of Target Genes in Vivo-Next, we wanted to validate in vivo some of the splicing events we saw in vitro. For that we have used two available muscle-specific transgenic mouse lines, one for canonical PGC-1␣1 (7) and another for alternative PGC-1␣4 (3), which was backcrossed to a C57BL/6 background. Upon analysis by qRT-PCR of Osbpl1a isoform expression in the different skeletal muscle samples (gastrocnemius), we observed that both PGC-1␣ variants induce the expression of the short Osbpl1a isoforms transcribed from the internal promoter ( Fig.  7B ) when compared with wild type littermates. This is shown by a 3-4-fold increase in the mRNA levels of Osbpl1a transcripts Total PGC-1␣ (exon 2)  TGATGTGAATGACTTGGATACAGACA  GCTCATTGTTGTACTGGTTGGATATG  PGC-1␣1  GGACATGTGCAGCCAAGACTCT  CACTTCAATCCACCCAGAAAGCT  PGC-1␣2  CCACCAGAATGAGTGACATGGA  GTTCAGCAAGATCTGGGCAAA  PGC-1␣3  AAGTGAGTAACCGGAGGCATTC  TTCAGGAAGATCTGGGCAAAGA  PGC-1␣4  TCACACCAAACCCACAGAAA  CTGGAAGATATGGCACAT  Exons 3-5  AGCCGTGACCACTGACAACGAG  GCTGCATGGTTCTGAGTGCTAAG  Exons 3-8 AAGACGGATTGCCCTCATTTG GCTTTGGCGAAGCCTTGAA
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Gene validation
Baiap2 containing the alternative 5Ј-UTR or exons that code for the C-terminal end of the protein. No changes were observed when probing for sequences exclusive to the full-length Osbpl1a-001 isoform (Fig. 7, A and B) . Changes in gene expression were confirmed at the protein level in both transgenic models with a clear induction of the 50-kDa short C-terminal isoform of Osbpl1a (Fig. 7, A and B) .
Splicing validation
A similar approach was used to validate Ndrg4 isoform expression in skeletal muscle from muscle creatine kinase promoter-PGC-1␣1 (Mck-PGC-1␣1) and myogenin promoter-PGC-1␣4 (Myo-PGC-1␣4) mice. The specific expression of PGC-1␣1 in skeletal muscle prompted a 60% increase on the mRNA levels of Ndrg4 isoforms derived from the internal gene promoter, whereas no changes were observed for distal promoter-derived Ndrg4-003 ( Fig. 7C ). However, in PGC-1␣4 skeletal muscle-specific transgenic mice, we observed an induction of similar amplitude (3-4-fold) for all the Ndrg4 isoforms regardless of the promoter of origin.
When we assessed Ndrg4 protein levels, we observed that, contrarily to what occurs for transcript levels, the protein content of Ndrg4 short isoforms in Mck-PGC-1␣1 and Myo-PGC-1␣4 muscles is reduced. Because the transcript levels of Ndrg4-003 are very low compared with those of Ndrg4-001 and -002 and only a unique band appeared in the immunoblot that matches the expected size, we assumed it corresponded to one of the short Ndrg4 isoforms. Although all three Ndrg4 isoforms can be detected by immunoblotting in vitro (data not shown), only one variant could be detected in vivo in agreement with previous observations (29) .
Discussion
To date, more than eight alternative PGC-1␣ isoforms have been described in skeletal muscle (4) . Of these, several are transcribed from an alternative gene promoter, including PGC-1␣2, PGC-1␣3, and PGC-1␣4. PGC-1␣ transcription is tightly regulated and dependent on specific stimuli. Here, we show that administration of clenbuterol to mice induces not only PGC-1␣4 expression in skeletal muscle (3) but also PGC-1␣2 and PGC-1␣3 while reducing the levels of canonical promoter-derived PGC-1␣1 (Fig. 1B) . In addition to their distinct transcriptional regulation, PGC-1␣ proteins accumulate at different levels (3, 30) (Fig. 1D ). We have observed that changes in the sequence of PGC-1␣ isoforms alter protein degradation dynamics and confer increased stability to some of the alternative PGC-1␣ variants. Finally, we demonstrate that alternative PGC-1␣ isoforms regulate the expression of large gene networks and can, in addition, shift the splicing pattern of target genes. These findings add additional nodes to the already complex regulatory network controlled by the PGC-1␣ system. Several biological functions have been already attributed to non-canonical PGC-1␣ isoforms in skeletal muscle (24, 31) . However, until now, not enough data were available to identify and characterize the gene networks under the control of PGC-1␣2 and -␣3. By using a high resolution splicing array, we could identify several target genes for these isoforms.
Interestingly, among the PGC-1␣ variants analyzed, PGC-1␣1 proved to regulate gene networks in the most coordinated fashion, i.e. with the highest number of target genes within each pathway. The conservation of nuclear receptor interaction and/or regulatory sites located in the N-terminal part of the protein might explain the differences in transcriptional activity of the non-canonical PGC-1␣ variants as seen also in NT-PGC-1␣ (2), a PGC-1␣ isoform structurally related to PGC-1␣4 (4). Like PGC-1␣1, NT-PGC-1␣ can physically interact with PPAR␣ and PPAR␥. However, its coactivator function is greatly dependent on PPAR ligands because NT-PGC-1␣ lacks the ligand-independent nuclear receptor activation domain (338 -403 amino acids) functional in PGC-1␣1 (2) . Of note, a significant number of PGC-1␣1 target genes are contra-regulated by PGC-1␣2 and PGC-1␣3 (i.e. repressed instead of induced or vice versa). We could only predict clear effects on energy metabolism pathways when performing net-work analysis on classical PGC-1␣1 (Fig. 3A) . However, when measuring oxygen consumption rates in cell culture, we observed that myotubes expressing PGC-1␣2 and PGC-1␣3 behave similarly to those expressing PGC-1␣1 by displaying enhanced pyruvate mitochondrial respiration. From our gene and network analysis, it is unlikely that PGC-1␣2 or -␣3 regulates mitochondrial biogenesis. We therefore speculate that the mechanism by which those isoforms elicit these effects might include coordinated splicing of genes involved in pyruvate metabolism. Effects on oxidative metabolism have been described for other PGC-1␣ alternative isoforms such as NT-PGC-1␣ (32) and PGC-1␣-b (31, 33) . Although originating from the same promoter and upon identical stimuli, the alternative PGC-1␣ isoforms regulate different transcriptional programs. This is not surprising considering the differences in protein sequence and structure among these variants. For example, PGC-1␣2 and -␣3 lack amino acids 120 -284 of PGC-1␣1 that seem to be necessary for PGC-1␣ to interact with PPAR␣ (34) . This might explain in part the relative clustering in target gene regulation we observed for PGC-1␣1 and PGC-1␣4 versus PGC-1␣2 and PGC-1␣3. Indeed, the ability to bind specific transcriptional partners can probably define the biological activity of the different PGC-1␣ coactivators. This particular functional clustering of the PGC-1␣ isoforms was also found when assessing their potential role as transcriptional repressors. Although PGC-1␣1 has always been considered as a direct positive regulator of gene expression, it has been shown recently that its partnership with heat shock factor 1 can result in repression of target gene expression (35) . When analyzing our exon array data set to determine whether other PGC-1␣ variants can reproduce the effects of PGC-1␣1 on heat shock factor 1 target gene regulation in skeletal muscle (35) , we found that the expression of either PGC-1␣1 or PGC-1␣4 in primary myotubes produced equivalent reductions in heat shock factor 1 target genes expression levels, whereas PGC-1␣2 and -␣3 had only minimal effects.
Indeed, some similarities can also be seen when comparing the gene programs triggered by PGC-1␣2 and -␣3. These variants are the closest related PGC-1␣ isoforms, their sequence being completely homologous save for the first amino acid, and interestingly the inclusion of exon 1bЈ (PGC-1␣3) instead of exon 1b (PGC-1␣2) seems to affect the basal protein accumulation ( Fig. 1D ). Other groups have shown that alternative PGC-1␣ isoforms that only differ in exon 1 (namely PGC-1␣-a and PGC-1␣-b) can elicit similar biological responses (33). However, the induction of endogenous PGC-1␣3 seen when ectopic PGC-1␣2 is expressed (Fig. 1I ) might influence their overall transcriptional activity and bring their respective gene programs closer. Both PGC-1␣2 and PGC-1␣3 induce the expression of Mcm3-6, known markers of proliferation (36) . Although our results were obtained in fully differentiated myotubes, this could indicate a potential positive role on muscle regeneration and growth. Interestingly, PGC-1␣ homolog PGC-1␤ represses Mcm expression and prevents proliferation of vascular smooth cells (23) . Of note and contrary to PGC-1␣2 and -␣3, PGC-1␣1 and -␣4 repress the expression of several members of the Mcm family (Fig. 3F) .
Despite their similarities, PGC-1␣2 still has unique target genes that are not shared with PGC-1␣3. The overall regulation of genes targeted by PGC-1␣2 suggests a consistent decrease in cholesterol synthesis that might indicate a negative effect on skeletal muscle differentiation (37, 38) . Other signals that advocate for a role in myogenesis and muscle recovery include the specific PGC-1␣2 induction of the intracellular antagonist of TGF-␤, Smad7 (39) (Fig. 3D) , an event that might cooperate with the effects of PGC-1␣4 on skeletal muscle growth and maintenance after resistance training. PGC-1␣3 seems to also exert functions in cell cycle control, proliferation, and tissue remodeling as seen in the regulation of the epithelial adherens junction pathway.
In any case, because the distinct PGC-1␣ isoforms accumulate to distinct levels under different conditions, concern about target gene specificity could be raised. However, the patterns of target gene expression observed upon incremental dosage of each PGC-1␣ variant argue against it (Fig. 4C ). In addition, if we consider, for example, isoforms PGC-1␣2 and PGC-1␣3 (the most similar proteins that only differ in the first few amino acids), if the target gene differences were due to the different protein levels the prediction would be that the PGC-1␣2 gene set would be included in the PGC-1␣3 gene set. However, we see that of the 1622 genes regulated by PGC-1␣2 only 437 are shared with the more abundant PGC-1␣3. The same can be observed for any other comparison.
It has been previously shown that PGC-1␣4 expression in skeletal muscle promotes muscle hypertrophy (3) and angiogenesis (24) . In addition, here we show that PGC-1␣4 can activate several gene programs related to cancer signaling.
Our initial working hypothesis was that differences in PGC-1␣ isoform sequences might have an impact on splicing regulation and that conservation of the RS/RRM C-terminal domains would determine the splicing patterns of target genes (8) . However, our results indicate that most distinct splicing patterns are produced by PGC-1␣ isoforms that differ in their N termini. PGC-1␣4 expression in myotubes produces splicing patterns that are remarkably similar to those generated by PGC-1␣1. In addition, these contrast strongly with the splicing patterns seen upon PGC-1␣2 and PGC-1␣3 expression ( Fig.  4F) . Thus, the conservation of the activation domain might have a greater impact on defining both the gene programs and the splicing options made during transcript maturation.
The fact that different PGC-1␣ variants have specific effects on target gene expression and splicing greatly enhances our understanding of how these coactivators promote different biological functions. For example, although changes in brain Ndrg4 isoform expression have been reported previously (27) , no mechanism for this shift has been proposed. Our results show that PGC-1␣1 and -␣4 have the specific ability to induce a shift in Ndrg4 expression that favors isoform 001 and/or 002 instead of 003. This expression pattern seems to mimic what is observed during brain development where Ndrg4 isoforms from the upstream promoter (e.g. Ndrg4-003) peak during embryonic development but disappear at 6 weeks of age (29) . Although the regulation of Ndrg4 isoform expression was similar in vitro and in vivo, additional regulation might affect Ndrg4 protein stability and explain the differences between transcript and protein regulation observed in the transgenic models.
PGC-1␣1 and PGC-1␣4 induce the expression of a short C-terminal isoform of Osbpl1a from an internal gene promoter both in vitro and in vivo (Fig. 7E ). This isoform, coined ORP1S, retains the oxysterol binding domain and promotes trafficking of oxysterols from the cytoplasm to the nucleus where the cholesterol metabolites can act as ligands for the liver X receptor (40) and activate gene expression. Conversely, ORP1L, the fulllength canonical isoform of Osbpl1a that is not induced by PGC-1␣1 or -␣4, works as a cholesterol sensor that determines late endosome positioning (41) and might have a lesser effect on gene regulation. This suggests that PGC-1␣ isoforms might play a role in liver X receptor transcriptional activity fine-tuning by altering ligand delivery.
The precise mechanisms by which coactivators regulate cotranscriptional splicing are still not completely understood. From the two co-existing models, studies on PGC-1␣1 and Med23 (12) support the recruitment model in which splicing factors are recruited to the preinitiation complex to assist in the maturation of the transcript. The recruitment model relies on a central role of RNA polymerase II CTD in recruiting splicing factors while still loaded on a distinct promoter (43) . The identity of the factors docked on the RNA polymerase II CTD will determine the nature of the resulting splicing. It has been shown that the RS/RRM domains are not needed for PGC-1␣ to interact with the preinitiation complex (44) . Accordingly, our results also support the recruitment model (40) in which nuclear receptors and/or cofactors will dictate its association with certain promoters and help in the recruitment of splicing factors to the preinitiation complex. This association would as well be independent of the CTD and rely on conservation of the activation domain. The specific association of PGC-1␣1 with other members of the family might ultimately define the gene programs initiated.
In light of our results, we conclude that regulation of transcriptional networks by the PGC-1␣ system is more complex than initially thought. We show that the identification of PGC-1␣ isoform target genes is greatly facilitated by taking into account the exon structure of the corresponding transcripts. This work provides a new framework for our understanding of how PGC-1␣ coactivators mediate skeletal muscle adaptations to exercise.
